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ABSTRACT
On 7 February 2020, a rapidly deepening extratropical cyclone impacted the east coast of 
the United States, contributing 20-30 cm of snowfall in its comma head region. As part of the 
Investigation of Microphysics and Precipitation for Atlantic Coast-Threatening Snowstorms 
(IMPACTS) field campaign, precipitation within the comma head region was sampled by two 
research aircraft, providing a vertical cross-section of in-situ microphysics observations and fine 
scale radar measurements. The sampled cross-section was stratified vertically by distinct 
temperature layers and horizontally into a stratiform region on the west side of the cross-section 
and a region of generating cells at cloud top on the east side.  
 In the stratiform region, precipitation primarily formed near cloud top as polycrystalline 
crystals. As the P-3 descended through the cloud layer, measurements were consistent with an 
overall increase in mass and decrease in total number concentration. Interpretations of particle 
growth were thus consistent with vapor deposition and aggregation, with no evidence of riming 
as no supercooled liquid water was observed within this region. In the cloud-top generating cell 
region, new particle habits were observed within each growth layer along with detectable 
amounts of supercooled liquid water. Measurements were consistent with an overall increase in 
mass throughout the depth of the cloud, while total number concentrations initially decreased but 
increased as the P-3 intercepted temperatures warmer than  -8°C, with concentrations in excess 
of 100 L-1 at times. Interpretations of the microphysical data in the generating cell region were 
thus consistent with vapor depositional growth, riming, and aggregation, as well as secondary ice 
multiplication via the Hallett-Mossop process in lower altitude flight legs.  
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CHAPTER 1: INTRODUCTION 
1.1 Introduction 
 Ice-phase particles within the comma head region of winter storms evolve through 
several temperature layers between cloud top and the melting layer as they descend to the 
surface. Bailey and Hallett (2009) outlined these temperature layers and the distinct particle 
habits that are observed within them at varying degrees of ice supersaturation: polycrystalline 
habits at temperatures colder than -18°C, dendrites and plates at temperatures between -18°C to 
-12°C, plate growth at temperatures between -12°C and -8°C, and columns and needles from 
-8°C to 0°C. Within these temperature layers, several physical processes have been observed to 
further influence particle evolution and growth.  
 Ice crystals often nucleate near cloud top in colder temperature layers, as colder 
temperatures provide a more favorable environment for high ice nucleating particle 
concentrations, and thus the formation of new ice crystals (e.g. Fletcher, 1962; Cooper, 1986; 
Meyers et al., 1992). Following nucleation, ice crystals grow by vapor deposition in 
correspondence with their environmental temperatures and saturation conditions (Bailey and 
Hallett, 2009), and by collection processes such as aggregation. Riming may also occur if the ice 
crystals encounter a region of enhanced supercooled liquid water content. The observed 
microphysical characteristics near cloud top and through subsequent temperature layers below 
are often influenced by dynamic substructures observed at cloud top, notably generating cells 
(Houze et al., 1976; Hobbs and Locatelli, 1978; Hobbs et al., 1980; Herzegh and Hobbs, 1980; 
Matejka et al., 1980; Houze et al., 1981; Sienkiewicz et al., 1989; Evans et al., 2005; Ikeda et al., 
2007; Rosenow et al., 2014; Rauber al., 2014; Plummer et al., 2014, 2015). Generating cells are 
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shallow convective cells embedded within the stratiform cloud top layer, with observed 
horizontal widths of 0.5-2 km, vertical depths of 1-2 km, and vertical velocities between 1-2 m/s 
(Kumjian et al., 2014 and references within; see Table 3). They can form in response to the 
lifting of potentially unstable air near cloud top, often from the result of large-scale synoptic 
ascent along a warm-frontal boundary (e.g., Wexler and Atlas 1959; Martin, 1998; Keeler et al., 
2016). 
 Multiple field campaigns have observed generating cells at cloud top, including Cyclonic 
Extratropical Storms (CYCLES, Hobbs et al., 1980), Improvement of Microphysical 
Parameterization through Observational Experiment (IMPROVE, Stoelinga et al., 2003); and 
PLOWS (Profiling of Winter Storms, Rauber et al., 2014; Rosenow et al., 2014). Several of these 
studies have investigated the microphysical composition of generating cells and their associated 
fallstreaks across an extensive range of temperatures, finding that they typically produce 
enhanced ice particle concentrations and detectable amounts of supercooled liquid water (e.g. 
Hobbs and Locatelli, 1978; Houze et al., 1981; Sienkiewicz et al., 1989; Wolde and Vali, 2002; 
Evans et al., 2005; Ikeda et al., 2007; Crosier et al., 2014; Plummer et al., 2014, 2015).  
 The presence of supercooled liquid water at cloud top implies that the vertical velocities 
within generating cells are strong enough to support condensate supply rates in excess of the 
bulk ice crystal mass growth rate, despite cold temperatures at cloud top (Rauber and Tokay, 
1991). Increased magnitudes of supercooled liquid water provide an opportunity for enhanced 
primary ice formation by encouraging multiple modes of nucleation; including deposition, 
condensation, and contact freezing (Plummer et al., 2014). Similarly, supercooled liquid water 
produced by generating cells enhances ice crystal growth by promoting the Bergeron–Findeisen–
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Wegener process, in which ice crystals grow at the expense of supercooled liquid water droplets 
due to differences in the saturation vapor pressure of ice versus water (Plummer et al., 2014). 
Plummer et al. (2014, 2015) and Keeler et al. (2016) suggest that generating cells contain high 
ice supersaturations, sometimes in excess of 150%, that result in rapid depositional growth of ice 
crystals.  
 In subsequent temperature layers, ice-phase particles may grow through vapor 
depositional growth and aggregation; or, in the presence of supercooled liquid water, riming (e.g. 
Herzegh and Hobbs, 1980; Matejka et al., 1980; Houze et al., 1981; Evans et al., 2005; Plummer 
et al., 2014). The dendritic growth layer, defined by Bailey and Hallett (2009) between 
temperatures of approximately -18°C to -12°C, has been observed to be a layer of enhanced 
particle growth for two reasons. First, vapor deposition via the Bergeron-Findesien-Wegener 
process is maximized at these temperatures, as the difference between saturation vapor pressures 
of water and ice are maximized at approximately -15°C (Takahashi et al., 1991). Second, the 
formation of dendrites occurs between these temperatures in water-saturated conditions, which 
enhances aggregation as the branched nature of dendrites allows for efficient collection processes 
(Bailey and Hallett, 2009; Phillips et al., 2015).  
 Microphysics observations within the dendritic growth layer have been obtained through 
large-scale observational efforts. Lawson et al. (1998), as part of the CASP-II field campaign, 
investigated the role of dendrites and subsequent aggregation in the formation of large 
snowflakes near the surface by collecting in-situ microphysics observations at −17°C. Evans et 
al. (2005), as part of IMPROVE, also examined the microphysical characteristics of the dendritic 
growth layer, but generally did not observe dendrites as environmental conditions were sub-
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saturated with respect to water. Finally, Woods et al. (2008), also as part of IMPROVE, examined 
in-situ microphysics in the dendritic growth layer as well, highlighting the role of both 
deposition and aggregation within this temperature regime.  
 While analyses of in-situ microphysics observations within the dendritic growth layer are 
relatively limited, analyses of polarimetric variables within this temperature layer are much more 
common. Several recent studies have observed enhanced regions of specific differential phase 
(KDP) and differential reflectivity (ZDR) near the −15°C isotherm using dual-polarization 
WSR-88D radar data (e.g. Kennedy and Rutledge, 2011; Andric et al., 2013; Bechini et al., 2013; 
Moisseev et al., 2015; Kumjian and Lombardo, 2017). These polarimetric enhancements have 
been attributed to two ice particle growth mechanisms: (1) maximized depositional dendritic 
growth of ice around the −15°C isotherm, and (2) aggregation.  
 Below the dendritic growth layer is an additional region of plate-like growth, as outlined 
in Bailey and Hallett (2009) between temperatures of -12°C and -8°C. Some in-situ observations 
within this temperature layer have been collected in field campaigns such as CYCLES, CASP-I 
and -II, and IMPROVE; however, few studies have specifically examined the microphysics of 
this temperature layer. In addition to plates, this layer is also characterized by ice crystals falling 
into it from aloft and growing by processes of vapor depositional growth, aggregation, and 
riming if adequate supercooled liquid water is present.  
 Between -8°C and -3°C, Bailey and Hallett (2009) indicate that new particles generally 
form as needles and columns. This temperature layer has also been observed to promote 
secondary ice production, which was initially identified when ice particle concentrations far 
exceeded the measured (or estimated by theoretical studies; e.g. Fletcher, 1962) ice nucleating 
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particle concentrations in the atmosphere (e.g. Hobbs et al., 1975; Stewart et al, 1984; Raga et 
al., 1991; Evans et al., 2005). While primary ice production involves the nucleation of new ice 
crystals, secondary ice production produces new particles from preexisting ice crystals (Korolev 
and Leisner, 2020). Several physical mechanisms for secondary ice production have been 
examined, including fragmentation of ice crystals during evaporation, fracturing of ice crystals 
during collisions, and rime splintering (Field et al., 2017). Hallett and Mossop (1974) further 
investigated rime splintering, and developed a set of conditions in which secondary ice 
multiplication by rime splintering is mostly likely to occur. The Hallett-Mossop process “occurs 
within a temperature range of approximately −3° to −8°C, in the presence of liquid cloud 
droplets smaller than ~13 µm and liquid drops larger than ~25 µm in diameter that can freeze 
when they are collected by large ice particles (rimed aggregates, graupel, or large frozen 
drops)” (Field et al., 2017). The result of the Hallett-Mossop process is generally an enhanced 
number of small particles, primarily in the form of sheaths/needles, that are ejected during the 
rime splintering process, and have been observed in multiple observational microphysics studies 
(e.g. Hobbs et al., 1975; Stewart et al., 1984; Raga et al., 1991; Evans et al., 2005).   
 Although -3°C to 0°C is not a distinct layer defined by temperature in Bailey and Hallett 
(2009), this layer is observed to be a region of enhanced aggregation. Two primary temperature 
regimes have been observed to enhance aggregation processes: (1) the dendritic growth layer 
between temperatures of -18°C to -12°C (e.g. Kajikawa and Heymsfield, 1989; Connoly et al., 
2012; Phillips et al., 2015), and (2) at temperatures approaching 0°C (Hosler et al., 1957; 
Braham, 1968, Kajikawa & Heymsfield, 1989). Dendritic crystals, which form near -15°C and at 
conditions close to water saturation, are efficient at aggregating due to their branches that can 
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easily interlock with other dendritic ice crystals (Phillips et al., 2015). Similarly, as temperatures 
approach 0°C, aggregation processes become more efficient as well, as a thin layer of water 
develops on ice crystals which allow them to efficiently "stick" together (Gultepe et al., 2017 and 
references within). This process has been investigated through a few aircraft-based studies, as 
discussed in Gultepe et al., 2017. These studies include Passarelli (1978), Mitchell (1988), Field 
and Heymsfield (2003), and Field et al. (2006), in which the sticking efficiency of ice crystals 
was examined. 
 At temperatures above 0°C, ice-phase particles transition into the liquid phase, and thus 
the layer from around 0°C to 2°C is often referred to as the “melting layer.” Several studies have 
investigated the microphysical characteristics of the melting layer in winter storms, as a 
noticeable radar “bright band” feature implies a distinct transformation in the microphysical 
characteristics of precipitation particles near 0°C. Stewart et al. (1984) observed both large 
aggregates and partially melted particles near the 0°C isotherm, as well as enhanced values of 
supercooled liquid water as part of the Sierra Cooperative Pilot Project (SCPP) in California. 
Raga et al. (1991) also found enhanced liquid water content, and observed that riming, 
aggregation, and ice multiplication were all important precipitation processes near the 0°C layer 
in an Atlantic winter storm along the Canadian coastline. More recently, Evans et al. (2005) and 
Woods et al. (2008) confirmed these earlier studies with in-situ measurements from the 
IMPROVE field campaign in the Pacific Northwest, again observing aggregation and enhanced 
liquid water content just above and within the melting layer.  
 Similar to the dendritic growth layer, the melting layer has been more extensively 
investigated through polarimetric radar studies rather than in-situ observations. Several of these 
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studies (e.g. Andric et al., 2013; Kumjian and Lombardo, 2017; Tromel et al., 2019; Griffin et al., 
2020) examined distinct polarimetric radar signatures in the melting layer that they interpreted to 
be microphysical signatures. In-situ observations within the melting layer to compare to these 
radar interpretations are limited. As such, it is important for continued field studies to collect 
microphysics observations in the melting layer, and more broadly in all of the thermodynamic 
regions discussed.  
1.2 Motivation  
The collection of in-situ microphysics data in winter storms has generally been limited to a 
small number of large-scale field campaigns. Even fewer studies have investigated the full 
spectrum of temperature regimes important to ice particle growth. Microphysics studies along 
the East Coast are also particularly limited, despite the prevalence and impact of winter storms 
within this region.  
 The handful of in-situ microphysics studies that do exist are confined to surface 
observations. Stark et al. (2013) analyzed surface microphysics observations in the context of 
larger-scale dynamics and thermodynamics within two banded winter cyclone events. The 
objective was to characterize pre-band, mature band, and post-band microphysics. A rapid 
transition in ice particle habits, riming, and snow densities was observed as the mesoscale 
snowbands passed over the observing location. Stark et al. (2013) also noted the presence of 
generating cells within snowbands and referenced their relation to increased precipitation at the 
surface; however, this was not the main focus of their research. Colle et al. (2014) expanded 
upon Stark et al. (2013) by presenting surface microphysics observations collected in 12 cyclone 
events over 3 winter seasons in the Northeast. The habit and riming characteristics were analyzed 
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in the context of their spatial location relative to the low pressure center. Colle et al. (2014) 
described “the spatial variability in microphysics that can occur within a winter storm,” and 
illustrated riming and habit type characteristics in relation to the cyclone center. Finally, Ganetis 
and Colle (2015) analyzed the interactions between the synoptic, mesoscale, and microphysical 
scales through the implementation of surface microphysics observations into Weather Research 
and Forecasting (WRF) model simulations.  
 The influence of generating cells on precipitation processes in East Coast winter storms 
has yet to be explored, although studies examining generating cells have been conducted in this 
geographic region. In fact, generating cells in the eastern United States have been studied using 
vertically-pointing radars since the 1950s (e.g. Marshall, 1953; Wexler and Atlas, 1959). More 
recently, Kumjian and Lombardo (2017) investigated six Northeast winter storms by relating 
enhancements in polarimetric variables to enhanced regions of snow below, and noted the need 
for more finescale analysis of substructures such as generating cells. Finally, Rauber et al. (2017) 
used HIAPER airborne W-band radar to investigate the finescale structures of Northeast 
cyclones. This study observed several distinct substructures within the extratropical cyclone, 
such as generating cells and elevated convection, that had previously been viewed mainly with 
ground-based and vertically-pointing radars.  
 Increasing interest in these dynamic cloud-top substructures, lack of in-situ microphysical 
observations aloft to characterize these dynamic features, and numerous recent high-impact 
winter storms along the East Coast culminated as motivation for the Investigation of 
Microphysics and Precipitation for Atlantic Coast-Threatening Snowstorms (IMPACTS) field 
campaign. The 7 February event, in addition to being the most well-coordinated mission of the 
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2020 deployment season, was a favorable winter storm for analysis as it was characterized by 
unique stratiform and generating cell regions in the horizontal plane, and distinct temperature 
layers in the vertical. A combination of seven total flight legs of the P-3 aircraft resulted in 
observations within several of the temperature layers outlined in Bailey and Hallett (2009) 
through both the stratiform and generating cell precipitation regions. This case study will analyze 
this event and address the following research questions:  
• How did the microphysics in this East Coast winter storm evolve as particles descended 
through several of the temperature layers outlined by Bailey and Hallett (2009) within the 
stratiform and generating cell regions? 
• How did the microphysical evolution and growth, as well as the physical mechanisms 
responsible for this particle growth, compare between the stratiform and generating cell 
regions?  
 The remaining portion of this paper will be divided into the following sections: (1) a data 
and methods section describing the instrumentation, processing techniques, and data used for 
analysis; (2) a discussion of the frontal structure and airmass source regions, both at the surface 
and aloft, that contributed to the development and evolution of this winter storm; (3) a results 
section describing the microphysical characteristics of the stratiform and generating cell regions 
throughout the defined temperature layers, and (4) a discussion and conclusions section 
comparing the results between the stratiform and generating cell regions, as well as a discussion 
of how the microphysical evolution fits into the larger-scale synoptic, thermodynamic, and 
kinematic environment.  
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CHAPTER 2: METHODOLOGY 
2.1 Overview 
 The comma head of the 7 February 2020 extratropical cyclone was sampled across a 
range of meteorological scales with a full suite of observational instruments as part of the 
IMPACTS field campaign. This section will discuss the data collection methods and 
instrumentation specific to the IMPACTS field campaign, as well as the supplemental routine 
observations and forecast models that were used for analysis. 
2.2 Research Aircraft  
 The IMPACTS field campaign employed instruments aboard the NASA P-3 Orion (P-3) 
research aircraft and the NASA Earth Resources 2 (ER-2) research aircraft to collect in-situ 
microphysics and airborne radar data, respectively. A key objective of the field campaign was to 
coordinate the two aircraft to get in-situ microphysics data in the context of the airborne radar 
measurements. During the 7 February research flight, the ER-2 aircraft was operational from 
approximately 1400 to 1600 UTC and completed eight total flight legs at an altitude of 
approximately 20 km. The P-3 aircraft lagged behind due to weather conditions, and was 
operational from approximately 1500 to 1800 UTC, completing seven total flight legs (referred 
to individually as Flight Leg 1-7, or FL 1-7) within this timeframe (Table 1). The P-3 flight legs 
were completed at varying altitudes between 2 and 6 km, and at temperatures between -27°C and 
0°C. Both aircraft flew a fixed flight track over central New York from approximately -73.50°W 
to -76.50°W, with latitudes varying between 42.90°N and 43.10°N. Three flight legs between the 
ER-2 and P-3 were coordinated, followed by four additional P-3 flight legs when the ER-2 
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returned to base. This was the most successful coordination of the aircraft during the 2020 
deployment season.  
The aircraft initially flew a vertically stacked racetrack flight pattern, depicted in Fig. 1. 
By selecting a vertically-stacked flight pattern, the P-3 aircraft was able to collect microphysics 
data across a range of temperatures. Although the vertically-stacked flight legs allowed for 
extensive analysis within specific temperature regimes, they did not allow for continuous 
sampling of a consistent set of particles. As outlined in Lo and Passarelli (1982), the advection of 
particles and non-steady state nature of winter storms makes it difficult to collect consistent 
samples of ice particles as they descend through the atmosphere. The rapid intensification of the 
7 February low pressure system and its movement in time and space indicated that this winter 
storm was far from steady-state even on the individual flight leg timescale. Fortunately, the 
vertically-stacked flight legs intercepted many of the key particle growth zones on several 
occasions, which allowed for analysis of the particle growth zones in the context of both their 
temporal and spatial evolution.  
2.3 P-3 Instruments 
 The P-3 aircraft was equipped with a full suite of modern microphysics instrumentation, 
including the Cloud Droplet Probe (CDP), A Stratton Park Engineering Company (SPEC) Two-
Dimensional Stereo probe (2DS), and SPEC High Volume Precipitation Spectrometers 
(HVPS-3A and HVPS-3B, hereafter referred to as HVPS) for particle size information;a  Particle 
Habit Imaging and Polar Scattering Probe (PHIPS) and SPEC Hawkeye Cloud Particle Imager 
(CPI) for particle imagery; and the CSIRO King Probe and Rosemount Icing Detector (RICE) for 
supercooled water detection. A detailed description of each probe can be found in Delene and 
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Poellot (2021). Data from the CDP probe was utilized for particles between 0 to 50 µm; the 2DS 
for particles between 100 to 1400 µm (1.4 mm); and the HVPS for particles greater than 1400 
µm (1.4 mm). The size ranges used for the 2DS and HVPS probes were determined as follows: 
(1) the lower threshold (100 µm) for the 2DS was chosen in accordance with previous studies to 
minimize uncertainty in the depth of field (e.g. Lawson et al., 2006), and (2) the upper threshold 
(1400 µm, or 1.4 mm) was selected as the 2DS-HVPS cutoff point, as this was the size range in 
which particle concentrations consistently overlapped for all seven flight legs (Fig. 2).  
 The 2DS and HVPS microphysics data were processed using the University of Illinois/
Oklahoma Optical Array Probe Processing Software (UIOOPS) to convert binary data from the 
microphysics probes into readable data for analysis. Using UIOOPS, several steps were taken to 
ensure the quality of the data, with the first being the removal of shattered ice particles. A time-
dependent threshold, calculated for every n=25,000 particles, was used to remove shattered 
artifacts from the 2DS data. Following the removal of shattered artifacts, an additional 
processing technique was applied to “correct” particles that were not entirely within the 2-D 
sensing area, as outlined in Heymsfield & Parrish (1978). Finally, the size of each particle was 
determined by the diameter of the minimum enclosing circle, and bulk microphysical 
characteristics were calculated at 1-Hz intervals.   
 In addition to the quantitative information provided by the 2DS and HVPS probes, PHIPS 
and CPI imagery provided a qualitative perspective to the data. The images recorded by these 
probes were manually reviewed and classified according to particle habit types identified in 
Bailey and Hallett (2009). Particle habit, riming, and size were the main features recorded during 
this analysis; however, the extent of riming was difficult to discern as the PHIPS and CPI 
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imagery did not always sufficiently resolve rimed particles, particularly near the particle’s 
center.   
 Five microphysical quantities collected by the microphysics probes were considered for 
this analysis: (1) total number concentration, NT, (L-1), (2) total mass, M, (g L-1), (3) supercooled 
liquid water content, SLW, (g m-3), (4) composite size spectra, and (5) PHIPS images. NT was 
calculated by summing the number concentration within each bin of the 2DS probe (particle 
sizes 100 µm < D < 1.4 mm) and the number concentration within each bin of the HVPS probe 
(particles sizes D > 1.4 mm). Number concentrations were also calculated for the 2DS (N2DS) and 
HVPS (NHVPS) probes individually to quantify the number concentrations of small and large 
particles, respectively. Total mass was calculated using habit-specific mass-diameter 
relationships following McFarquhar et al. (2002). The CDP, King, and RICE probes were all 
used to detect and measure SLW; however, the results section will only present the results from 
the CDP probe. Composite size spectra were developed from a composite of the 2DS and HVPS 
concentrations. Finally, PHIPS images were categorized by flight leg, and manually identified 
according to Bailey and Hallett (2009). 
2.4 ER-2 Instruments 
 The ER-2 aircraft flew at a constant height of approximately 20 km, and completed eight 
full flight legs; however, only three of those flight legs were coordinated with the P-3 aircraft. 
Both the ER-2 X-band Radar (EXRAD) and W-band Cloud Radar System (CRS) were on board 
the ER-2 aircraft and used for this analysis, operating at frequencies (wavelengths) of 9.6 GHz (3 
cm) and 94 GHz (3 mm), respectively. X-band was used to plot reflectivity because of reduced 
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effects of attenuation, while W-band was used to plot vertical velocities because of the smaller 
beamwidth and higher sensitivity. 
 A novel algorithm was employed to calculate the W-band vertical velocities. This 
technique uses observational sounding data, the yaw, pitch, and roll of the aircraft, and 
measurements in two flight directions to remove contamination of the radial velocities by the 
horizontal wind and retrieve vertical air velocities. The algorithm accounts for slight deviations 
from nadir of the aircraft beam as well as the horizontal wind component in its calculations. A 
further description of the algorithm employed in this study can be found in Zaremba et al. 
(2021).  
2.5 Routine Observations and Model Data 
i. WSR-88D Radar 
 Since the ER-2 sampling period only corresponded to the first three P-3 flight legs, 
additional radar data was needed for consistent data analysis. Thus, in addition to airborne radar 
on board the ER-2 aircraft, supplemental radar data was supplied by the S-band Weather 
Surveillance Radar-1988 Doppler (WSR-88D) through the Multi-Radar Multi-Sensor (MRMS) 
system. A description of the algorithms and data employed in this analysis is provided in Zhang 
et al. (2016). The WSR-88D has a coarser resolution than the EXRAD X-band, with spatial 
resolution of around 1 km in the WSR-88D data compared to around 300 m in the EXRAD radar. 
Thus, the WSR-88D cannot resolve the same finescale features; however, it did provide a 
consistent picture of the time evolution of the storm within the fixed research domain.  
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ii. Rawinsondes 
 Supplemental rawinsondes were launched in Syracuse, NY by the UIOPS ground assets 
team at 0900 UTC, 1200 UTC, 1500 UTC, and 1800 UTC. Routine 1200 UTC rawinsondes were 
also launched by the National Weather Service Weather Forecast Offices at Buffalo, NY, and 
Albany, NY, in addition to special soundings launched at 1500 and 1800 UTC. These provided 
thermodynamic data at the beginning (1500 UTC) and end (1800 UTC) of the research operating 
period at various locations within the research domain. 
iii. RAP-13 km Initialization Output 
 One of the novel components of this research is the analysis of microphysics in the 
context of several distinct thermodynamic layers. These thermodynamic regions were identified 
using data obtained from the 13-km Rapid Refresh (RAP) model initialization. The 13-km RAP 
data was compared to observed soundings at Syracuse, NY; Buffalo, NY; and Albany, NY; to 
confirm its accuracy (Fig. 3). The model data was sufficiently accurate below the tropopause in 
identifying the key thermodynamic variables. The 13-km RAP initialization data was used to 
derive equivalent potential temperature (θe), relative humidity (RH), vertical velocity (w), and 
wind components parallel (u) and normal (v) to the flight track.  
iv. HYSPLIT 
 Model data was also used to compute Hybrid Single-Particle Lagrangian Integrated 
Trajectory (HYSPLIT) 48-hour back trajectories to better understand the air mass composition of 
the storm. 48-hour back trajectories were computed using 12-km North American Model (NAM) 
meteorological data. The ending location of each trajectory corresponded to a (longitude, 
altitude) grid point within the research domain. HYSPLIT trajectories were calculated for each 
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hour from 1500 UTC to 1800 UTC, for longitude points ranging from -76.5°W to -73.5°W at 
0.25° longitude intervals, and for altitudes ranging from 1 to 8 km at 1 km intervals. Each 
trajectory was categorized based on its characteristic air mass, and depicted by a specific color 
and shape to denote this air mass. Additional data pertaining to the horizontal and vertical 
trajectories, and associated temperature, potential temperature, and moisture characteristics of 
each air mass were analyzed as well.   
 16
CHAPTER 3: STORM STRUCTURE AND AIRMASS SOURCE REGIONS 
3.1 Overview  
 The extratropical cyclone analyzed for this study developed during the early morning 
hours of 7 February 2020. Rapid cyclogenesis on the leeward side of the Appalachian Mountains 
consolidated an elongated series of low pressure centers into a single low pressure center by mid-
morning (Fig. 4). Rapid cyclogenesis was enhanced by the phasing of two mid-level shortwaves 
into a negatively-tilted 500 mb shortwave, resulting in the development of a low over southwest 
Pennsylvania. Coupled jet streak dynamics, and subsequent phasing of these jet streaks into a 
single jet streak of over 100 m s-1 provided additional forcing for ascent (Fig. 5), and thus further 
intensification of the surface low. Within 12 hours, the surface low pressure center matured into 
an occluded cyclone, deepening to a mean sea level pressure of 966 mb by 0000 UTC 8 
February. As the surface low strengthened, it developed a well-defined frontal structure. A 
surface cold front extended south along the Atlantic Coast, a surface warm front extended east 
from the center of the low, while an arctic cold front was entrained into the cyclone circulation 
and extended across central New York (Fig. 4). Surface observations reported snow 
accumulations of nearly 20-30 cm (7.8-11.8 inches) in parts of central New York by 0000 UTC 8 
February (Fig. 6). Similarly, liquid equivalent precipitation of up to 40 mm by 0000 UTC 8 
February 8 as well.  
 While many of the impacts of winter storms are felt at the surface, a large portion of 
precipitation growth and evolution occurs aloft as particles encounter various temperature and 
moisture characteristics. In the 7 February 2020 storm, airborne measurements of reflectivity and 
velocity data collected by the ER-2 aircraft showed distinct precipitation structures in the vertical 
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reflectivity and velocity data. These reflectivity and velocity characteristics, illustrated in Fig. 7, 
were used to divide the cross-section into two distinct dynamic regions: a stratiform region west 
of -75.25°W, and a region defined by shallow convective updrafts at cloud-top and narrow 
reflectivity plumes east of -75.25°W. These shallow convective updrafts were 1-3 km in depth, 
exhibited updrafts on the order of 1-3 m/s, and were located above a warm-frontal boundary in 
the vicinity of folds in the model-defined field. These updrafts were consistent with a region of 
clouds topped by generating cells, and therefore the region east of -75.25°W will hereafter be 
referred to as the “generating cell” region throughout this paper.  
3.2 Particle Growth Layers 
 Several distinct temperature layers were also observed within the vertical cross-section, 
and were sampled by the P-3 aircraft (Fig. 7). These temperature layers corresponded to the 
particle growth layers that were determined by temperature and supersaturation characteristics 
outlined in Bailey and Hallett (2009). Each temperature layer was defined by its corresponding 
particle growth layer in Bailey and Hallett (2009) as follows: (1) the polycrystalline growth layer 
(PCGL), defined by temperatures colder than -18°C; (2) the dendritic growth layer (DGL), 
defined by temperatures between -18°C and -12°C; (3) the plate growth layer (PGL), defined by 
temperatures between -12°C and -8°C; and (4) the needle growth layer (NGL), defined by 
temperatures between -8°C and -3°C. An additional particle growth layer, the enhanced 
aggregation layer (EAL), was defined between -3°C and 0°C, and was based on particle growth 
characteristics rather than the Bailey and Hallett (2009) temperature and supersaturation 
characteristics.  
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3.3 Stratiform Region 
 The stratiform region was characterized by colder temperatures, an intrusion of drier air 
in the mid-levels, and an overall weakening trend in precipitation. The temperature 
characteristics of the lower stratiform region were influenced primarily by an arctic cold front 
which was situated at about 2 km above mean sea level, and the middle stratiform region by a 
warm frontal boundary situated between 4 and 5 km altitude (Fig. 7). The arctic front ensured 
that temperatures near the surface did not reach above freezing, and thus contributed to 
thermodynamic profiles favorable for all-snow within the stratiform region, depicted in Fig. 8. 
Furthermore, the combination of frontal boundaries contributed to a deep NGL between -8°C and 
-3°C, which is illustrated in Fig. 8 by a nearly isothermal temperature profile below 800 mb. 
Other particle growth layers, such as the DGL and PGL, were only about 1 km in depth in 
comparison to the nearly 3.5 km depth of the NGL. In earlier flight legs where the arctic front 
had not progressed as far to the east, the EAL was also present in the lower 2 km of the stratiform 
region.  
 RH characteristics within the stratiform region were dependent on the vertical 
organization of four air masses, as defined by the 48-hour HYSPLIT back trajectories shown in 
Fig. 9. Below the arctic frontal boundary was a moist, low-level air mass in which air parcels 
initially located over the north Atlantic Ocean ascended briefly as they wrapped cyclonically 
around the north side of the low pressure center and into their position on the vertical cross-
section. RHice below the arctic frontal boundary was between 100% to 104%, and remained ice-
saturated throughout the entire research flight period (Fig. 10). Trajectories of air parcels 
between the arctic front and the warm front originated mostly over the Atlantic off the U.S. east 
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coast and arrived at the cross section, while a somewhat drier air mass from over the continent 
infiltrated the west side of the cross-section between the fronts at about 2 and 4 km (Fig. 10). 
RHice values ranged between 99% and 102% within the two air masses at 1500 UTC. As time 
progressed, the drier air became more well-established, and was accompanied by a reduction in 
radar reflectivity. By 1800 UTC, the mid-tropospheric drier air encompassed nearly the entire 
stratiform region from about 2 to 5 km.  
 Air above the warm front was composed of a mid-tropospheric air mass, which consisted 
of air parcels flowing northeast from locations around Baja California and central Mexico 48 
hours earlier. These parcels all rapidly ascended as they encountered the warm front within the 
last nine hours of their trajectories. RHice of nearly 103% was observed from 1500 UTC to 1800 
UTC in the cloud layers above the warm front in the stratiform region. A fourth upper-level air 
mass situated above cloud-top in the stratosphere was dry, with RHice rapidly decreasing below 
ice saturation with increasing altitude.  
 The precipitation observed in the stratiform region generally weakened throughout the 
research flight period. WSR-88D reflectivity depicted in Fig. 11 quantifies this weakening trend, 
as reflectivity diminished from values around 20 dBZ at 1500 UTC to values around 10 dBZ by 
1800 UTC within the stratiform region. This weakening trend in precipitation was consistent 
with the influx of dry air on the west side of the cross-section, in which RHice  decreased below 
100% over a large depth of the stratiform region, particularly in later flight legs. Although RHice  
>= 100% did persist above the warm front and below the arctic front, the large depth of sub-
saturated conditions between the two regions likely limited particle growth, and thus contributed 
to the weakening precipitation trend observed in the reflectivity.  
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3.4 Generating Cell Region 
 The generating cell region was characterized by warmer temperatures and higher ice 
supersaturations than the stratiform region. As was the case in the stratiform region, the vertical 
temperature profile of the generating cell region was largely influenced by the arctic cold front in 
the low-levels and the warm front aloft in the mid-troposphere. Since the arctic front was 
advancing southeastward, the generating cell region exhibited warmer temperatures, particularly 
in the lower levels. The thermodynamic profile depicted in Fig. 8b shows this larger range of 
temperature values, as the temperature profile included all of the particle growth layers to be 
analyzed in Chapter 4. This was further illustrated in Fig. 7, in which a prominent melting layer 
was observed in the temperature contours, and a bright band in the ER-2 reflectivity. These 
temperature characteristics led to either mixed precipitation or all rain at the surface, the reason 
for the tight snowfall accumulation gradient observed at the surface in Fig. 6.  
 The primary feature of the generating cell region that was not evident in the stratiform 
region were 1-2 km deep convective updrafts of around 1-3 m s-1 at cloud-top. These updrafts 
were observed in the ER-2 retrieved vertical velocity data in Fig. 7, and had characteristics 
consistent with previous studies of cloud-top generating cells (e.g., Rosenow et al. 2014). 
Unfortunately, ER-2 data was not available to confirm the presence of these generating cells after 
the third flight leg of the P-3. However, several physical processes consistent with generating 
cells were observed in the WSR-88D observations, the 13-km RAP model cross sections, and the 
P-3 in situ measurements. Despite the coarse resolution of the WSR-88D data, plumes of 
reflectivity consistent with generating cell behavior were observed in the generating cell region 
in all flight legs (Fig. 11). Furthermore, the location in which these reflectivity plumes were 
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observed coincided with folds in e contours near cloud-top, indicative of potential instability 
which was a mechanism associated with the cloud-top generating cells observed in earlier flight 
legs. Finally, trends in the microphysics data within the generating cell region were consistent 
throughout all seven flight legs, providing further evidence that cloud-top generating cells likely 
persisted through the entire P-3 flight period.  
 The RHice characteristics near cloud top in the generating cell region appeared to have 
less of a clear relationship to the expectations based on the presence of generating cells. The 
vertical thermodynamic profile was saturated with respect to ice throughout the extent of the 
generating cell region, based on the RAP 13 km  RHice data depicted in Fig. 10. A maximum  in 
RHice near 105% was characteristic of the RAP data throughout nearly the entire research flight 
timeframe in the generating cell region. The updrafts associated with generating cells within this 
region should have contributed to even higher saturation conditions, even reaching water-
saturated conditions at times as will be discussed in Chapter 4. The 13-km RAP initialization 
would have been unable to resolve fluctuations in RH associated with 1-2 km convective 
circulations due to their finescale nature, and likely assigned vapor mass to ice mass in any 
region where supersaturation with respect to ice was present. Precipitation processes within the 
generating cell region were likely strongly influenced by thermodynamically-forced generating 
cells, and RHice supersaturations throughout the vertical and horizontal extent of the generating 
cell region.  
!
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CHAPTER 4: RESULTS 
4.1 Overview
Two distinct horizontal regions within the sampled cross section were identified for 
analysis: the stratiform region and the generating cell region. These regions were defined by their 
cloud-top updraft characteristics observed in flight leg 1 (FL1), in which the stratiform region 
was defined by more uniform reflectivity and weak cloud-top updrafts, generally less than 1 m 
s-1 and west of -75.25°W, while the generating cell region was defined by 1-2 km deep “towers” 
of reflectivity at cloud top and stronger cloud-top updrafts of 1 to 3 m s-1 east of -75.25°W (Fig. 
7a,b). The region of cloud-top generating cells was east of approximately -75.25°W in FL2 and 
FL3 as well.  
Although the generating cell region may have actually transitioned farther east than 
-75.25°W in later flight legs, the absence of ER-2 data in later flight legs and the coarser 
resolution of the WSR-88D data made it difficult to confirm the exact boundary. Even if the 
stratiform region extended further east than initially identified in FL1-3, however, the 
microphysical contributions from the stratiform region did not likely mask the trends observed in 
the generating cell region, as will be illustrated throughout this section. Thus -75.25°W was used 
as the stratiform-generating cell transition point for all seven flight legs for the purpose of the 
following microphysical analyses.  
The microphysical characteristics of each particle growth layer in the stratiform and 
generating cell regions are first compared. Particle growth layers are defined by temperature as 
outlined in Chapter 3: the polycrystalline growth layer (PCGL), the dendritic growth layer 
(DGL), the plate growth layer (PGL), the needle growth layer (NGL), and the enhanced 
aggregation layer (EAL). The microphysical quantities used to analyze particle characteristics 
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were plotted for each flight leg using box-and-whiskers plots, and analyzed based on the particle 
growth layers they encountered. 
The microphysical quantities investigated are as follows: total mass (M), number 
concentration (NT), supercooled liquid water content (SLW), representative particle size spectra, 
and representative habits observed in the PHIPS images. A detailed analysis of SLW 
corresponding to plots of the spatial distribution of SLW is based on data from the CDP, King, 
and RICE probes across each flight leg. Representative cloud droplet spectra from the CDP are 
also analyzed.
The variability and magnitude of NT, M, and SLW are quantitatively compared between 
the stratiform and generating cell regions by comparing minimum and maximum values (e.g. 
Nmin and Nmax), 25th and 75th percentile values (e.g. N25 and N75), and median values (e.g. 
Nmedian) in box-and-whiskers plots, in which each data point on the plots represent a 1-Hz sample 
calculated in the UIOOPS 2DS and HVPS processing code, or for the CDP, one Hz SLW 
integrated from the droplet spectra. Particle size spectra correspond to the average size spectra of 
a representative 0.25° longitude interval within each region, in which N2DS and NHVPS were 
calculated within that interval. PHIPS images were selected as representative particle habits 
within each region. 
Some particle growth layers were sampled in two or more flight legs; when this occurred, 
microphysical quantities from each flight leg are presented. In these legs, differences in 
microphysical quantities between legs were likely the result of spatiotemporal evolution of 
precipitation as air moved through the cross-section. Finally, some flight legs sampled more than 
one particle growth layer. In these cases, both particle growth layers will be discussed with 
interpretations provided concerning the influence of each particle growth layer on observed 
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microphysical quantities.  Nevertheless, interpretation of particle growth between layers must be 
viewed with caution since storm evolution occurred during the flight.
Three particle growth mechanisms, vapor deposition, riming, and aggregation, were 
inferred based on vertical changes between particle growth layers in the microphysical quantities 
described above. Particle growth consistent with vapor deposition was inferred  by examining the 
growth of pristine crystals in the PHIPS images and whether they were consistent with the layer 
temperature outlined in Bailey and Hallett (2009), or consistent with temperatures above the 
sampled layer (implying they fell from aloft). Increases in M between particle growth layers 
provided quantitative evidence for vapor depositional growth (although caveats regarding storm 
evolution apply to these interpretations). Particle growth consistent with aggregation was 
inferred by decreases in NT and N2DS that were accompanied by increases in NHVPS between 
particle growth layers. PHIPS images were also used to qualitatively confirm aggregation. 
Finally, particle growth by riming was inferred within individual flight legs by detection 
of SLW and by examining the PHIPS images, although it was sometimes difficult to confirm the 
extent of riming due to the depth of field and darkness associated with polycrystalline images. 
4.2 Microphysical Characteristics of the Stratiform Region 
i. Total Mass
The first layer sampled in the stratiform region was the PCGL during FL7. This layer 
exhibited relatively low values of M, in which Mmin = 0 g L-1 and Mmax = 0.0002 g L-1, illustrated 
by the box-and-whiskers plots in Fig. 12a and quantitatively in Table 2a. The next layer sampled 
was the DGL by both FL1 and FL6. In comparison to the PCGL, M increased with Mmin = 
0.0007 g L-1 and Mmax = 0.001 g L-1 in FL1, and Mmin = 0 g L-1 and Mmax = 0.001 g L-1 in FL6. It 
should be noted that comparisons between FL1 and FL7 exhibited large spatiotemporal 
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evolution, as these flight legs were conducted over 2.5 hours apart. The PGL was the next layer 
sampled in the stratiform region by FL2 and FL3. M continued to increase in this layer, with M 
ranging from Mmin = 0.0007 g L-1 to Mmax = 0.003 g L-1 in FL2, and from Mmin = 0.0009  g L-1 to 
Mmax = 0.003 g L-1 in FL3. The final layer sampled in the stratiform region was the NGL, 
sampled by FL4 and FL5. For FL4, only slight differences in M were observed in comparison to 
the PGL, on the order of about 0.0001 g L-1. However, by FL5, M had decreased by ~0.0003 g 
L-1, likely due to spatiotemporal evolution of the stratiform precipitation region as observed in 
Fig. 11. In the particle growth layers that were compared, increases in M  throughout subsequent 
particle growth layers were observed. This was consistent with quantitative evidence for vapor 
depositional growth as particles fell through the layers. 
ii. Number Concentration
In the PCGL, NT  fluctuated as the P-3 aircraft flew in and out of cloud-top, with Nmin = 
1.1 L-1 , Nmedian = 9.3 L-1, and Nmax = 19 L-1, as illustrated in the box-and-whiskers plots in Fig. 
13a and quantitatively in Table 3a. A representative particle size distribution (PSD) is shown in 
Fig. 14, with corresponding values in Table 4a, in which N2DS =14.1 L-1 and NHVPS = 4 x 10-4 L-1. 
Particle diameters up to 2 mm were observed in the size spectra, indicating that particles were 
relatively small within this temperature layer. As particles descended into the DGL, this layer 
was sampled by two flight legs: FL1 and FL6. In FL1, an increase in NT was observed with 
Nmedian = 17.6 L-1, but changes between the PCGL and DGL were likely the result of 
spatiotemporal evolution between flight legs. In FL6, on the other hand, Nmedian decreased to 6.1 
L-1. In the PSD for FL6, N2DS decreased to 7.2 L-1 and NHVPS increased to 0.009 L-1. Similarly, 
although observations from FL1 were not necessarily representative of particle growth between 
flight legs, NHVPS increased to 0.19 L-1. Comparing the DGL to the PGL, Nmedian decreased from 
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17.6 L-1 (FL1) to 10.3 L-1 in FL2 and 14.2 L-1 in FL3. In the size spectra, N2DS decreased by 8 L-1 
in FL2 and by 4 L-1 in FL3. Simultaneously, NHVPS increased to 0.23 L-1 in FL2 and 0.21 L-1 in 
FL3. From FL3 (PGL) to FL4 and FL5 (NGL) NT decreased across all size ranges, consistent 
with the decreasing radar reflectivity associated with spatiotemporal storm evolution. Particle 
dimensions within the NGL were up to 6 mm. Aside from changes in spatiotemporal evolution, 
decreases in   NT and N2DS, with simultaneous increases in NHVPS were consistent with 
aggregation as a growth process throughout the stratiform region.
iii. Supercooled Liquid Water 
SLW observed in the stratiform region is depicted in Fig. 15. Minimal amounts of SLW 
were observed within this region overall, with the exception of a small amount of SLW in the 
NGL. Similarly, the CDP did not record many particles within the stratiform region. Overall the 
stratiform region was devoid of SLW and riming was unimportant as a growth process.
iv. Particle Habit  
Polycrystalline habits were observed in the PCGL (Fig. 16), consistent with the 
temperature layer and particle habits outlined in Bailey and Hallett (2009). These polycrystalline 
habits were observed consistently throughout all subsequent particle growth layers, with few 
deviations from this habit type observed in the PHIPS images, other than aggregated particles. As 
such, these results are consistent with ice crystals primarily forming near cloud-top in the PCGL, 
and falling through the depth of the cloud. The formation of new ice crystals below the PCGL 
was generally not evident based on observed habits and trends in number concentration. The 
polycrystalline crystals falling from aloft were observed to grow throughout lower particle 
growth layers through processes of vapor depositional growth and aggregation.
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4.3 Microphysical Characteristics of the Generating Cell Region
i. Total Mass
In the PCGL of the generating cell region sampled during FL7, M, illustrated by the box-
and-whiskers plots in Fig. 12b and quantitatively in Table 2b, was relatively small with Mmedian = 
0.0001 g L-1, although Mmax was nearly an order of magnitude larger at ~0.0019 g L-1. 
Descending into the DGL, M increased as Mmedian = 0.0007 g L-1 in FL1 and Mmedian = 0.0006 g 
L-1 in FL6, although the same caveats concerning storm evolution apply as in the stratiform 
region when comparing the data from FL1 and FL7. In the subsequent PGL, sampled by FL2 and 
FL3, M was observed to increase again with Mmedian = 0.0007 g L-1 in FL2 and Mmedian  = 0.0016 
g L-1 in FL3. Mmedian decreased slightly as the P-3 transitioned from the PGL into the NGL by 
about 0.0001 g L-1. Mmax, however, was largest in the NGL out of all the particle growth layers, 
with values of 0.0030 g L-1 in FL5 and close to 0.0040 g L-1 in FL4. The lower Mmedian was likely 
reflecting the formation of additional smaller and lower mass particles within the NGL, rather 
than decreasing M within the existing ice particles. The increase in M was consistent with 
particle growth by vapor deposition. 
ii. Total Number Concentration
NT was larger overall in the PCGL of the generating cell region in comparison to the 
stratiform region, with Nmedian of 12.6 L-1 and Nmax of 32.7 L-1 (Fig. 13 with corresponding 
quantities in Table 3b). Most of these particles were relatively small, as N2DS  was 11.6 L-1, while 
NHVPS was only 0.02 L-1 (Fig. 17, Table 4b). Particle diameters up to 4 mm were observed in the 
particle size spectra of the PCGL. From the PCGL to the DGL, Nmedian decreased to 7.7 L-1 in 
FL1 and 5.7 L-1 in FL6. The overall decrease in NT was accompanied by a decrease in N2DS  and 
increase in NHVPS in both flight legs, with NHVPS  = 0.22 L-1 in FL1 and NHVPS  = 0.07 L-1 in FL6. 
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In the PGL, NT generally increased with Nmedian = 7.7 L-1 in FL2 and Nmedian  =  11.6 L-1 in FL3. 
Furthermore, Nmax increased substantially to 57.5 L-1 in FL2 and 172.3 L-1 in FL3. This was likely 
influenced by the FL2 and FL3 sampling the NGL, as these values of NT were primarily 
observed on the east side of the cross-section. Representative particle size spectra located farther 
west, for example, exhibited much smaller values of NT, as N2DS was 8.4 L-1 and NHVPS was 0.27 
L-1 in FL2 and 8.7 L-1 and 0.19 L-1 in FL3. As was the case in the PGL, Nmax was quite large in 
the NGL, with values of 72.5 L-1 in FL5 and 101.1 L-1 in FL4. N2DS was larger as well, with 
values of 10.5 L-1 in the representative particle spectra of FL5 and 13.5 L-1 in FL4. 
Within the NGL, particle diameters up to 15 mm were observed in the representative 
PSDs (Fig. PSD). The general decrease in NT and N2DS, along with the simultaneous increase in 
NHVPS observed from the PCGL to the PGL, was consistent with particle growth by aggregation. 
In the warmer temperature layers where Nmax was very large, ice multiplication likely contributed 
to these enhanced values of NT, as primary ice nucleation is not efficient at temperatures warmer 
than -10°C. The physical mechanism responsible for this ice multiplication was likely rime 
splintering via the Hallett-Mossop process, as temperatures were within the required -8°C to 
-3°C range, and additional criteria, discussed in the following sections, were met. 
iii. Supercooled Liquid Water
SLW was much more prevalent in the generating cell region as compared to the 
stratiform region, and is depicted by the box-and-whiskers plots in Fig. 15. All three of the 
probes detected SLW in the PCGL between -75°W to -74.5°W with values up to about 0.15 g m-3 
(Fig. 18-20). At this location, the P-3 descended briefly to better sample the cloud-top region for 
the rest of the flight leg. Cloud droplets with diameters of up to 40 m were observed by the CDP 
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within the cloud-top layer (Fig. 21). SLW was not observed across most of the rest of the flight 
leg and mainly corresponded to where the P-3 likely was near cloud-top. 
Similar to the PCGL, SLW was detected in the DGL by all three probes, although mainly 
in FL1. Figures 18-20 illustrate that this SLW was primarily observed east of -74.25°W, in 
quantities of up 0.10 g m-3. Cloud droplets with diameters of up to nearly 50 m were observed by 
the CDP probe. SLW was detected within the PGL as well, in both FL2 and FL3 by the CDP, 
King, and RICE probes. The CDP and King probes both detected SLW in excess of 0.20 g m-3, 
mainly east of -74.75°W, while the RICE probe exhibited changes in voltage associated with 
SLW detection. Corresponding CDP particle size spectra illustrated particle diameters across all 
bins from 2 to 50 m in both FL2 and FL3.
Finally, SLW was also observed within the NGL, with magnitudes of up to 0.3 g m-3 
observed in both the King and CDP probes, with detection of SLW also by the RICE probe. CDP 
particle size spectra were consistent with particle diameters from 2 to 50 m. As in the other flight 
legs, SLW and corresponding cloud droplets observed by the CDP were primarily detected east 
of -74.50°W. The presence of cloud droplets both less than 13 m and greater than 25 m provided 
additional conditions necessary for secondary ice production via the Hallett-Mossop process. 
iv. Particle Habit
In the PCGL near cloud-top, polycrystalline habits were the predominant habit type (Fig. 
22), and were consistent with the particle habits outlined in the polycrystalline regime identified 
by Bailey and Hallett (2009). As the P-3 descended and intercepted the DGL, both FL1 and FL6 
observed variations in ice crystal habits. Some polycrystalline habits were observed, while 
additional pristine crystals in the form of dendrites and single pristine plates were observed as 
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well. Furthermore, rimed particles were also observed; however, poor resolution of the PHIPS 
images made it difficult to discern the extent to which these particles were rimed. 
Particle habits continued to vary throughout the PGL and into the NGL within the 
generating cell region. In addition to polycrystalline habits, some pristine crystals were also 
observed: some in the form of individual plates or pristine dendrites, while others were dendritic 
crystals with plates beginning to grow on the end or capped columns. Many of these crystals 
appeared to be rimed, particularly in FL2, however the same caveats apply as in the DGL related 
to the resolution of the PHIPS images. East of about -74.75°W, columns and needles were also 
observed on occasion. Into the NGL, sampled by FL4 and FL5, additional new particle habits 
were observed. In FL5 between -75.25°W and -74.50°W, habits were generally pristine and were 
either complex plate-like particles or pristine dendritic crystals; however, as the P-3 aircraft 
transitioned east of -74.50°W, the dominant particles habits transitioned to rimed particles and 
needles. A similar trend was observed in FL4, in which habits were primarily complex plate-like 
particles between -75.25°W and -74.50°W. 
One difference in FL4 was that some of these particles had thin ice spikes protruding 
from them as well. East of -74.50°W, needles started to become more prominent, as well as 
rimed particles. This trend continued through the east side of the cross-section, where the P-3 
began to sample into the EAL. Within this region, needles appear aggregated in the PHIPS 
images and riming was even more prevalent. The presence of large rimed particles provided yet 
another condition that satisfied the criteria for secondary ice multiplication via the Hallett-
Mossop process. Secondary ice multiplication was thus likely observed as the PHIPS images 
depicted ice fragments and needles in the vicinity of the conditions favorable for secondary ice 
multiplication. 
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CHAPTER 5: SUMMARY AND CONCLUSIONS  
The 7 February 2020 winter storm was a rapidly deepening extratropical cyclone that 
exhibited several different precipitation processes within its comma head region. The 
microphysical characteristics and associated precipitation processes occurring aloft within this 
storm were observed with research aircraft as part of the IMPACTS field campaign. Analysis of 
the ER-2 X-band reflectivity and W-band derived vertical velocity showed that two distinct 
regions were present within this storm: a stratiform region to the west side of the comma head 
and a generating cell region to the east side. The distinction between these regions were based on 
the high-resolution reflectivity and updraft characteristics observed in the ER-2 data, in which 
reflectivity towers and updrafts of 1-3 m s-1 were observed in the cloud top layer within the 
generating cell region with corresponding plumes of reflectivity; while the stratiform region was 
characterized by a more uniform reflectivity gradient both horizontally and vertically, and 
weaker vertical circulations. 
The storm was overall characterized by four distinct air masses separated by frontal 
boundaries or the tropopause. The airmass above the warm front aloft was potentially unstable, 
and provided the environment near cloud-top that maintained the cloud-top generating cells. The 
temperature within the airmass below the arctic cold front and to its east ultimately determined 
precipitation type at the surface. 
The focus of this study was on the temperature layers that were observed aloft within the 
storm. The vertically-stacked flight legs of the P-3 sampled microphysical properties at 
temperatures ranging from -27°C to 0°C, which spanned a large range of the temperature layers 
outlined in Bailey and Hallett (2009). The temperature layers defined in Bailey and Hallett 
(2009), and associated particle growth characteristics, were used to define temperature layers 
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observed in this study, and were referred to as particle growth layers. The following particle 
growth layers within the storm were studied: (1) the polycrystalline growth layer (PCGL), (2) the 
dendritic growth layer (DGL), (3) the plate growth layer (PGL), and (4) the needle growth layer 
(NGL). An additional particle growth layer, the enhanced aggregation layer (EAL), was also 
defined based on previous literature. 
Total number concentration and size distributions, total mass, supercooled liquid water 
content, and particle habits were analyzed to determine the evolution of microphysical 
characteristics across each particle growth layer within both the stratiform and generating cell 
regions. The results are summarized in an idealized conceptual model illustrated in Fig. 23. In 
the stratiform region, ice crystals primarily nucleated in the polycrystalline layer near cloud top, 
in which particle habits were consistent with temperatures below -18°C, as outlined in Bailey 
and Hallett (2009). As ice crystals fell through subsequent particle growth layers, they grew 
mainly by vapor depositional growth, which was quantitatively supported by increases in M, and 
aggregation, which was quantitatively supported by overall decreases in NT and N2DS, with 
simultaneous increases in NHVPS throughout the depth of the cloud. These results were supported 
qualitatively using the PHIPS images within the stratiform region. Within this region aggregated 
particles and pristine polycrystalline crystals were manually identified through the depth of the 
region, with few examples of other habits. These processes occurred in the absence of SLW. No 
evidence of riming was observed. The spatiotemporal evolution of the stratiform precipitation 
region further influenced the microphysical characteristics of this region, reducing particle 
number concentrations and mass, as a drier mid-tropospheric air mass flowed into the stratiform 
region of the winter storm within the layer between the fronts. Finally, as particles descended 
below the lowest P-3 sampling altitude, they continued to encounter below freezing temperatures 
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within the airmass associated with the arctic cold front, so that precipitation ultimately arrived at 
the ground as snow. This resulted in the large snowfall accumulation and overall precipitation 
accumulation that was observed over western New York state in Fig. 6. 
The microphysical evolution of particles within the generating cell region differed from 
the stratiform region in many ways. Cloud-top generating cells were the defining dynamic 
feature of this cloud top layer, with associated updrafts on the order of 1-3 m s-1. These updrafts 
were observed to penetrate through the PCGL, and were a source of SLW throughout the upper 
cloud layer. In the PCGL, ice nucleation occurred followed by growth of polycrystalline habits 
consistent with the polycrystalline temperature regime defined by Bailey and Hallett (2009). 
Slightly enhanced magnitudes of M and NT were observed in comparison to the stratiform 
region. The bases of the cloud-top generating cells and associated updrafts were located either 
within or just above the DGL. These updrafts helped create the water-saturated conditions that 
were observed within the DGL, as the updrafts allowed for the condensate supply rate to exceed 
the bulk ice crystal mass growth rate. While the contributions of these fine scale generating cells 
to RH were not captured in the 13-km resolution RAP initialization, water-saturated conditions 
were observed in the microphysics data. SLW was detected across all three of the probes in the 
DGL, while cloud droplets spanning from 2 to 50 um were observed by the CDP probe. The 
presence of dendrites further confirmed the existence of water-saturated conditions, and 
additional ice nucleation continuing within the DGL of the generating cell region. Observations 
of some polycrystalline crystals with the PHIPS were also evidence of particles falling into the 
DGL from aloft. 
Similar trends were observed in the PGL, where observations of plate-like crystals were 
consistent with new particle development, while both dendritic and polycrystalline habits 
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provided evidence that particles were also falling into this layer from aloft. SLW was again 
detected in this layer which likely enhanced both ice nucleation and vapor depositional growth. 
The SLW also contributed to riming, confirmed by PHIPS observations of rimed particles within 
both the DGL and the PGL. 
Particle habits within the NGL were also consistent with the temperature layer outlined in 
Bailey and Hallett (2009), as needles and columns were both observed. Conditions for secondary 
ice production via the Hallett-Mossop process were present, specifically on the east side of the 
cross-section in FL2-5. These included temperatures between -8°C and -3°C, cloud droplets both 
smaller than ~13 um and larger than ~25 um, and evidence of rimed particles, large 
enhancements in NT, particularly for smaller particles, in excess of 100 L-1 at times, and PHIPS 
images of needles and columns within the coincident region. Finally, in the EAL, needles 
appeared aggregated in the PHIPS images, although relatively limited data was collected in this 
region to quantitatively discuss this temperature layer.
One feature that became increasingly evident throughout analysis, especially in the lower 
altitude flight legs, was the potential role of a deeper layer of convection on the east side of the 
generating cell region in the later flight legs, evidenced by increases in SLW. Between FL1 and 
FL3, the east side of the cross-section began to exhibit lower cloud-top heights and convective 
towers in the reflectivity and vertical velocity fields in which the bases of the updrafts were only 
2 km above the surface at times. This was most evident in the last ER-2 flight leg, in which the 
east side of the cross-section exhibited updrafts extending from just above the melting layer to 
cloud-top. These deeper updrafts were only able to be confirmed in FL1-3 due to availability of 
the ER-2; however, they provided insight into how SLW was being produced throughout all of 
the particle growth layers observed in the east side of the generating cell region during later legs. 
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These deeper updrafts occurred mainly east of -74.50°W, which was consistent with the region 
where the largest values of SLW was observed across all of the flight legs.
Overall, while the generating cell region was generally associated with enhanced particle 
concentrations and growth due to the presence of SLW throughout all particle growth layers, 
many of the particles observed aloft fell as rain at the surface. This was particularly true on the 
east side of the generating cell region, where temperatures were the warmest and the depth of the 
melting layer was the largest, as observed by the bright band in the reflectivity data. The sharp 
gradient in snowfall accumulations across central New York were due to a rain-snow transition, 
rather than differences in the precipitation processes occurring aloft.  
This study provides the first quantitative data on the microphysical structure and 
evolution of an east coast cyclone, and how generating cells can influence the microphysical 
evolution of different temperature layers within northeast winter cyclones. Precipitation in the 
stratiform region was formed aloft in the polycrystalline growth layer, and then fell and grew 
through subsequent growth layers with limited new ice particle formation. As these 
polycrystalline crystals fell to the surface, they grew by vapor deposition and aggregation. In 
contrast, SLW produced by cloud-top generating cells on the west side of the generating cell 
region and deeper convective cells on the east side contributed to enhanced particle nucleation, 
larger number concentrations, and enhanced particle growth across the extent of the generating 
cell region. Although SLW was not observed throughout the entire horizontal extent of each 
particle growth layer within the generating cell region, microphysical quantities were generally 
consistent with new particle formation within each thermal layer, based on particle habits 
observed in each of the particle growth layers. This new particle formation resulted from both 
primary ice production above the PGL, at temperatures colder than -10°C, and from secondary 
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ice production below the PGL, at temperatures warmer than -8°C, likely via the Hallett-Mossop 
ice multiplication process. In addition to enhanced ice production by primary and secondary 
processes, ice particles grew by vapor deposition, aggregation, and riming within the generating 
cell region. Some particles were observed to grow rapidly, with snowflake-sized particles up to 
15 mm observed in the DGL. As particles descended to the surface in the generating cell region, 
they transitioned into rain as they encountered the melting layer. 
The caveats and limitations mentioned throughout this paper must be considered when 
interpreting this analysis. Precipitation within the cross-section was observed to evolve 
spatiotemporally throughout all seven flight legs as the low pressure system translated 
northeastward, indicating that the storm was not steady-state within the sampling cross-section. 
The absence of high-resolution reflectivity and velocity data from the ER-2 for the latter four P-3 
flight legs made it difficult to determine the finer-scale details of this precipitation evolution. 
Assumptions regarding the presence of generating cells as well as the overall precipitation trends 
were made based on analysis of available data, such as WSR-88D reflectivity and model 
initialization output, rather than in-situ radar observations.  
 Although interpretations of particle characteristics and growth were discussed, a 
consistent set of particles was not sampled as the component of the wind normal to the cross 
section was large and the overall movement of the low-pressure system advected particles 
through the sampled cross-sectional domain. Therefore the trends in the microphysical data 
were consistent with certain particle growth mechanisms, but were not observed in a 
Lagrangian framework. In addition to interpretations of particle growth, interpretations of 
particle nucleation were also discussed. Again, while the results were consistent with both 
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primary and secondary ice nucleation occurring within the generating cell region, 
measurements of ice nucleating particles were not collected during this field campaign.  
 Future work will involve the conversion of the results of this thesis into an academic 
journal article. Further analysis will be conducted for earlier ER-2 flight legs in which P-3 data 
was not available as well, with a specific focus on how the warm frontal boundary and upper-
tropospheric equivalent potential temperature field interact to produce precipitation. Finally, 
these results will be used as a basis for evaluating modeling studies that are currently in 
development within our research group.  
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CHAPTER 6: TABLES AND FIGURES 
 
 39





Table 2b. Measurements of total mass (g L-1 ) for the minimum, 25th percentile, 50th 
percentile, and maximum values in the generating cell region. 
Table 2a. Measurements of total mass (g L-1 ) for the minimum, 25th percentile, 50th percentile, 
and maximum values in the stratiform region. 
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Table 3a. Measurements of total number concentration (L-1 ) for the minimum, 25th 
percentile, 50th percentile, and maximum values in the stratiform region. 
Table 3b. Measurements of total number concentration (L-1 ) for the minimum, 25th 




Table 4a. Representative particle size spectra measurements of N2DS and NHVPS (L-1 ) for the 
minimum, 25th percentile, 50th percentile, and maximum values in the stratiform region. 
Table 4b. Representative particle size spectra measurements of N2DS and NHVPS (L-1 ) for the 
minimum, 25th percentile, 50th percentile, and maximum values in the generating cell region. 
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Figure 1. P3 (black) and ER-2 (red) flight tracks for 7 February 2020 research 
flight, WSR-88D composite reflectivity valid 1500 UTC 7 February 
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Figure 2. Mean ratio of 2DS and HVPS concentrations (D > 100 um) 
normalized by bin width
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Figure 3. Comparison of 13-km RAP initialization (black lines) and UIUC observed vertical 




Figure 4. 13-km RAP mean sea level pressure (mb) and WSR-88D composite 
reflectivity at 1500 UTC 7 February (top panel) and 1800 UTC 7 February (bottom 
panel). Model low pressure centers are depicted by a bold L, with frontal boundaries 
based on model data. 
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Figure 5. 13-km RAP initialization 300 mb height and wind for 1500 UTC 7 February 
2020 (upper panel) and 1800 UTC 7 February 2020 (lower panel). Wind barbs are m/s 
(flag = 25 m/s, full barb = 5 m/s, half barb = 2.5 m/s). 
300 mb Heights (dam) and Wind (m/s)
Figure 5. 13-km RAP initialization 300 mb height and wind for 1500 UTC 7 February 2020 
(upper panel) and 1800 UTC 7 February 2020 (lower panel). Wind barbs are in knots. 
 48
Figure 6. Liquid equivalent precipitation (mm) from New York mesonet (top 
panel). Snowfall analysis from National Operational Hydrologic Remote Sensing 
Center (bottom panel). Both plots valid from 1200 UTC 7 February to 0000 UTC 8 





Figure 7. 1500 UTC 7 February 2020 ER-2 X-band reflectivity with 13-km e overlay (top 
panel), W-band derived vertical air velocity with 13-km RAP e  overlay (middle panel), and 
13-km RAP isotherms with highlighted particle growth layers as follows: PCGL (green), DGL 
(purple), PGL (blue), NGL (yellow), EAL (pink), and rain layer (brown). Black dashed line 
represents the tropopause. 
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Figure 8. 13-km RAP initialization vertical thermodynamic profile in the stratiform and 
generating cell regions with temperature (red) and dewpoint (green) at 1500 UTC 7 February 
2020 for an all-snow profile (left) and an all-rain or mixed precipitation profile (right). 
Shaded regions represent particle growth layers, including the PCGL (green), DGL (purple), 
PGL (blue), NGL (yellow), EAL (pink), and rain layer (brown). Black dashed line represents 
the 0°C isotherm. 
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Figure 9. Cross section showing ending points (in time) of 48-hour HYSPLIT back 
trajectories calculated using 12-km NAM meteorological data, superimposed on WSR-88D 
reflectivity and e for 1600 UTC (upper panel). Dark triangles represent stratospheric air mass, 
red squares represent upper-tropospheric air mass, yellow diamonds represent mid-
tropospheric continental air mass, green diamonds represent mid-tropospheric moist air mass, 
and blue circles represent a surface based cold air mass. The middle plot shows horizontal 48-
hr HYSPLIT back trajectories with colors corresponding to symbols on the cross section. 
Bottom plot shows vertical 48-hr HYSPLIT vertical back trajectories.
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Figure 10. 13-km RAP relative humidity (%) with respect to ice (top panel) and 
with respect to water (bottom panel) overlaid on ER-2 reflectivity from 1500 UTC 
7 February 2020. 
 53
Figure 11. WSR-88D (MRMS) reflectivity for FL1 at 1500 UTC (top panel), FL4 at 
1630 UTC (middle panel), and FL7 at 1800 UTC (bottom panel). Sub-regions are 




Figure 12. Box-and-whiskers plot of total mass (g L-1) for the stratiform region (left panel) 
and the generating cell region (right panel). Box plots are in order based on descending 
temperature layers: the PCGL, the DGL, the PGL, and the NGL. The whiskers represent the 
extreme values, the left and right limit of the colored boxes the 25th and 75th percentile values, 
and the middle line within the colored boxes the median value.  Dots represent 1 hz data.
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Figure 13. Box-and-whiskers plot of total number concentration (L-1) for the stratiform 
region (left panel) and the generating cell region (right panel). Box plots are in order 
based on descending temperature layers: the PCGL, the DGL, the PGL, and the NGL. 
Same conventions as in Fig. 12.
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Figure 14. Particle size spectra for 0.25° longitude sectors within the stratiform region 
from the 2DS and HVPS, divided into the descending flight leg period (top panel) from 
FL1 through FL4, and ascending flight leg period (bottom panel) for FL5 through FL7.  
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Figure 15. Box-and-whiskers plot of supercooled liquid water content (g m-3) as 
measured by the CDP for the stratiform region (left panel) and the generating 
cell region (right panel). Box plots are in order based on descending temperature 




Figure 16. Representative particle images from the PHIPS probe in the stratiform 
region in each particle growth layer. 
 
 59
Figure 17. Particle size spectra for 0.25° longitude sectors within the generating cell 
region from the 2DS and HVPS, divided into the descending flight leg period (top panel) 




Figure 18. Supercooled liquid water content across the P-3 flight track as measured by 
the CDP for all seven flight legs, ordered by altitude from top to bottom. Temperatures 
are included on the far west and east side of the flight legs. Dashed line indicates 
transition from stratiform region (west) to generating cell region (east). 
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Figure 19. As in Fig. 18, but for the King probe. 
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Figure 20. As in Fig. 18, but for the RICE probe which detects supercooled liquid 
water by voltage changes rather than providing liquid water content. 
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Figure 21. Representative cloud droplet size spectra for the CDP in 0.25° segments 
within the generating cell region. Representative locations were chosen based on 
CDP SLW content shown in Fig. 19. FL6 is not included in this figure as SLW was 
minimal during this flight leg. 
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Figure 22. Representative particle images from the PHIPS probe in the generating 
cell region in each particle growth layer. 
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Figure 23. Conceptual model of precipitation processes in the stratiform vs. 
generating cell region of the 07 February 2020 winter storm. Ice crystals are 
represented by black shapes, supercooled liquid water represented by blue dots, 
green line represents the reflectivity bright band. 
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